Modeling the spatial aspect of growth has finally become an important subject of economics as exemplified by the increasing popularity of the new economic geography. However, new economic geography models have still not been able to develop a consistent approach to integrate innovation, space and economic growth into a coherent theoretical framework A potential reason for this is that the spatial dimension of knowledge production is still only partly understood in the empirical literature. To shed some additional light on the spatial dimension of innovation we present results of a first-cut analysis building on a recently developed cross sectional-time series data set of US innovation, private and university research and high technology employment. The novelty of this data set is that it opens up the possibilities to incorporate the time dimension into knowledge production function analysis at an appropriate level of spatial aggregation (i.e., US metropolitan areas) that has not been possible in empirical research yet.
Regional Innovation in the US over Space and Time *
Introduction
Knowledge plays a central role in economic development as recently emphasized especially in endogenous growth models (e.g., Romer 1986 , 1990 , Aghion and Howitt 1999 . Therefore, explaining the process of knowledge production is crucial to understand modern economic growth. Innovation activities have a predominant tendency to cluster spatially as demonstrated by recent empirical studies (e.g., for the US in Varga 1999 and for the European Union in Caniels 2000) . Sensitivity of the transmission of tacit knowledge to distance provides a principal reason for the development of regional innovation clusters since the transfer of non-codified knowledge elements frequently requires close personal interactions (Polanyi 1966 , Dosi 1988 . Thus, relative spatial position of the actors in knowledge creation is a potentially significant factor of innovation. Endogenous growth theories provide models to study the role of knowledge in macroeconomic growth but leave out the regional dimension despite the substantial evidence provided in the recent empirical economics literature that a significant fraction of knowledge spillovers tends to be localized .
Four approaches have been developed in the recent empirical economics literature to estimate the role of localized knowledge flows in the process of innovation: surveys of industrial researchers (Mansfield 1995) , the study of the spatial patterns of patent citations (Jaffe, Trajtenberg and Henderson 1993) , regional innovation surveys (Cooke 2000, Koschatzky and Sternberg 2000) and econometric analyses within the knowledge production function framework. This framework has been widely applied in empirical studies of regional innovation in the US (e.g., Jaffe 1989 , Acs, Audretsch and Feldman 1991 , Acs, Anselin and Varga 2002 , Anselin, Varga and Acs, 1997 , and Varga 2000 , in Italy (Audretsch and Vivarelly 1994 , Capello 2001 ), in France (Autant-Bernard 1999 , in Germany (Fritsch 2002 and in Austria (Fischer and Varga 2003) .
Building on a recently developed cross sectional-time series data set of US innovation, private and university research and high technology employment, we continue our previous work in this paper. We provide a first-cut analysis of the data to shed some new light on the spatial and temporal aspects of US innovation. The novelty of this data set is that it opens up the possibilities to incorporate the time dimension into knowledge production function analysis at an appropriate level of spatial aggregation (i.e., US metropolitan areas) that has not been possible in empirical research yet. The following section introduces the methodology and the applied data while the third and fourth * Research assistance in data collection by Oleg Smirnov (University of Illinois at Urbana Champaign), Dapeng Chen, Nicolay Nedev, Baishali Majumdar and Vladimir Starkov (West Virginia University) is highly appreciated.
sections highlight some important space-time aspects of US innovation. Summary concludes the paper.
Methodology and data
The knowledge production function (KPF) framework was initiated by the work of Griliches (Griliches 1979 (Griliches , 1986 ) and was first implemented in the spatial context in Jaffe (1989) . Since then it has become a major methodological approach to understand the geography of innovation. A critique against knowledge production function studies (i.e., that the model does not allow for an explicit modeling of the way knowledge spillovers occur and as such it is difficult to separate spillovers from the correlation of variables at the geographical level as expressed e.g., in Feldman 2000) is certainly valid to some extent. However, an important advantage of the knowledge production function analysis is that it can provide an account of innovation-related interactions on the basis of large number of geographical areas with the fraction of the costs of a similarly designed survey-based research given that KPF studies rely on secondary data sources. On the other hand, since the applied data do not refer to actual interactions much care should be taken on econometric specification.
Formally, the knowledge production function is expressed as:
where K is a proxy for knowledge (either patents or innovation counts), R is industry R&D and U is university research, with ε as a stochastic error term. Z typically includes a measure of the concentration of a given activity (a proxy for innovation networks of manufacturing firms). The analysis is usually carried out for aggregate cross-sectional units (e.g., states, MSAs), possibly for several points in time and/or disaggregated by sector. A positive and significant coefficients for β, γ and δ indicate positive effects of different regional knowledge sources on industrial innovation.
We aggregated the data to the "high technology" sector, that is a set of industries where the intensity of knowledge inputs to production exceeds the industrial average. Table 1 provides more information on the set of specific industries included. Our panel data set comprises variables observed for three years (1985, 1988 and 1991) and aggregated to the level of US metropolitan statistical areas (MSAs). K is measured by patent applications (US Patent Office 1998), R is professional employment in high technology industrial laboratories compiled from three editions of the Directory of American Research and Technology (1986 , 1989 , 1992 , U is university research expenditures obtained from CASPAR data files (National Science Foundation 1997) and Z is high technology employment (Bureau of the Census 1999).
As in our previous studies we apply the methodology of spatial econometrics in studying the geography of innovation. Spatial econometrics (Anselin 1988, 2001, Anselin and  Acs (1996) . Concordance between SIC codes and PTO sequence numbers is provided by the US Patent and Trademark Office Florax 1995) turns out to be a very powerful analytical tool in empirically modeling localized knowledge spillovers when cross sectional data are applied. Spatial econometrics supplies both the appropriate statistics to test for potential misspecifications as well as different modeling approaches of spatial dependence with a high intuitive value in actually measuring inter-regional knowledge spillovers. SpaceStat, the software for spatial data analysis developed by Luc Anselin is used for spatial regressions throughout this paper.
Space-time patterns of US innovation -some methodological issues
Two important methodological issues are considered in this section. First, an examination of the extent to which parameters of lagged independent variables in the knowledge production function are stable over time with different time lags applied and second, an exploration with respect to the stability of estimated parameters over spatial units.
The issue of the stability of estimated parameters for different time lags applied between the dependent variable and the explanatory variables is important in evaluating regression results when single cross sections are used and data constraints do not allow to apply time lags between innovation inputs and outputs (as for example in Anselin, Varga and Acs 1997) . In principle, time lags of 2-3 years are recommended (see Edwards and Gordon 1984) when patent data are used in order to account for the time difference between the actual development of an invention and the approval of its patent. In Table 2 the knowledge production function of equation (1) is extended with two additional dummy variables. CON50 accounts for potential effects of agglomeration on the intensity of localized knowledge spillovers (in case of a single metropolitan area this variable takes the value of 0 and it is 1 if the MSA is part of a larger cluster of cities). The SOUTH and WEST dummy is included to test for potential differences between patterns of localized knowledge production in the US industrial heartland (the North East and the Mid-West regions) and the recently emerging "new economy" in the South and the West 1 of the country (Suarez-Villa 2000). The connectivity dummy stays consistently significant, whereas the regional dummy remains insignificant.
A three-year time lag is applied between the date of patent approval and invention in the third and fifth columns. A comparison of the results with a time lag applied (third and fifth columns) to those without time lags (second and fourth columns) shows no significant differences between sizes, signs and significances of parameter estimates as well as regression fits. It is also shown in the table that the relative importance of different local sources of innovation remains the same no matter whether lagged or contemporaneous explanatory variables are used (i.e., interfirm knowledge flows dominate over research spillovers among local R&D laboratories and both are more important than knowledge transfers from regional universities). Notes: Estimated standard errors are in parentheses; PATHT is patent application counts in high technology; RD is professional employment at industrial research and development laboratories; UR is university research expenditures; EMPHT is high technology employment; CON50 is a dummy variable: it takes 1 if at least one MSA is located within a 50 mile distance band and 0 otherwise; Mid-West, North East, South and West are a dummy variables taking 1 if the MSA is situated in a given region and 0 otherwise. The second research question relates to parameter stability over space. Compared to the South and West dummy a finer distinction among US regions is applied in Table 3 with the four regional dummies. In order to increase the level of information extracted from the data we run pooled time series cross-sectional regressions with 429 observations. Parameter values for local knowledge inputs as well as the connectivity dummy do not differ meaningfully, however, there are important differences as to the effect of regional dummies. Whereas no significant differences are reported for Mid-West, North East and the West, the significant (and negative) dummy for the US South suggests that local innovation systems in the newly emerging Southern high technology centers might differ in structure from the rest of the country. The following section focuses on this problem in more details.
Changing geography of US innovation: is there any role of localized knowledge spillovers?
Perhaps one of the most fascinating issues in economic development is the recent emergence of high technology centers in the traditionally non-manufacturing sectors dominated US West and South, most notably in California, Texas, Arizona, Utah and Florida. Understanding the extent to which the impressive growth of these US regions is a result of consciously designed regional economic development policies (that can be learned and might be replicated in other parts of the World) may have relevance for currently lagging regions not only in the US, but in Europe as well. In Suarez-Villa (2000) the hypothesis that this growth is induced by previous investments in education and infrastructure is tested. In this section the focus is more on an exploration as to the potential differences in the relative importance of different regional factors of knowledge production. 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 Ye ar Patent Count in thousands Figure 1 shows regional trends in high technology knowledge production (measured by patent application counts) between 1970 and 1992. Whereas patenting activity followed a decreasing trend in the traditional manufacturing areas of the US (i.e., the North East and the Mid-West regions) until the early eighties, innovation activities of states in the South continuously increased while in the West it is stagnated during this period. However, after 1983 the differences among regional growth trends are dramatic and perhaps surprising. Although the North East maintained its traditional leading position in innovation during the whole time period, it seems that this position was increasingly challenged by the West, especially after 1989 when the rate of growth started to diminish in the North-East. Figure 1 shows that the North-East and the Midwest regions, that have been traditionally considered as leading manufacturing centers of the US, increasingly started loosing their dominance in high technology innovation after 1983.
Differences in regional growth rates of patenting activity over the period of 1983-1992 also support this observation. While the North-East and the Midwest increased patenting by 45 and 53 percents, respectively, for the same time period growth rates of the West and the South were 128 and 79 percents. Moreover, while the North-East and the Midwest lost their share in total patents by 14 and 9 percents, the West and the South produced a substantial increase, 35 and 6 percents, respectively (Varga 1999) . This changing pattern might be induced by changes in the spatial distribution of regional sources of innovation. However, a closer inspection of Figure 2 does not support this hypothesis. With the exception of the difference in the spatial patterns of university research between the last two time periods, no meaningful changes can be observed. Notes: Estimated standard errors are in parentheses; RD is professional employment at industrial research and development laboratories; UR is university research expenditures; EMPHT is high technology employment; CON50 is a dummy variable: it takes 1 if at least one MSA is located within a 50 mile distance band and 0 otherwise; SOUTH and WEST is a dummy variable: it takes 1 if the MSA is situated in South or West and 0 otherwise; D50 is distance-based contiguity matrix for 50 miles; * denotes significance at least at 0.10; ** denotes significance at least at 0.05; *** denotes significance at least at 0.01.
An alternative explanation could be that there might be meaningful differences as to the "efficiency" the different local innovation systems combine their local knowledge resources (e.g., differences in local cultures with respect to the propensity of the actors to interact with each other as exemplified in Saxenian 1994 for Silicon Valley and Route 128, or differences in the effectiveness in regional economic development policies).
Comparison of sizes, signs and significances of parameter estimates over space and time might suggest some clues in this respect. Acs 1996) characterized by major losses in high technology jobs during this time period could be behind this observation. On the other hand, parameter estimates of university research in the South are consistently higher than anywhere in the rest of the regions that might suggest a more intensive local role of universities in economic development in the South than anywhere else in the country. This observation would certainly need further investigations, however it is definitely an interesting finding.
Regarding the rest of the parameters of local innovation inputs no comparable differences can be found across large regions. A further interesting result is the non-significant connectivity dummy for all the regions but the Mid-West. For this region CON50 stays consistently significant indicating differences in local innovation systems between large agglomerations and smaller metropolitan areas. With the exception of the university research parameter, all the rest of the parameters of local innovation inputs are unstable in the South (as shown by the significant values of the Wald tests in Table 4 ). This might be taken as an additional support to the important role of local innovation inputs in the restructuring of metropolitan areas in the US South.
Summary
Local dimensions of knowledge production are gaining increasing attention in both theoretical and empirical research in economics. However, our understanding is still constrained by the availability of appropriate data on knowledge production-related activities. In this paper we presented results of a first-cut analysis based on a recently developed space-time data set of US innovation activities. The most important findings can be summarized as follows.
No significant differences were observed between the regression results with lagged and contemporaneous explanatory variables suggesting that within a relatively short period of time (e.g. in about three years) no meaningful changes occur in the performances of local innovation systems. This result has an important technical consequence: at least at the level of spatial aggregates the use of contemporaneous dependent and independent variables is acceptable in knowledge production function studies. Differences in the trends of knowledge production across large US regions do not seem to be the result of a changing spatial distribution of local innovation inputs. Differences are found regarding the importance of universities as local sources of new technological knowledge. Perhaps the most surprising result is the consistently insignificant university effect in the North East.
Compared to the rest of the country, the recently emerging US South seems to follow different patterns in combining local innovation inputs especially with respect to the role of local universities in supporting production of new technological knowledge. However, instability of most of the parameters indicates that the metropolitan areas in the region are in a reconstruction process of their innovation systems.
